Abstract Parasitoids and neonicotinoids can both suppress economically harmful filth fly populations. However, sublethal effects of neonicotinoids have not previously been studied for commonly used species of filth fly parasitoids. Exposure to an LC 50 of imidacloprid decreased the ability of surviving individuals of the parasitoid wasp Spalangia endius Walker (Hymenoptera: Pteromalidae) to kill house fly pupae under some conditions. In an unburied-hosts experiment, significantly more flies and fewer parasitoids emerged in the LC 50 imidacloprid treatment versus the LC 10 or controls. Parasitoid sex ratio and longevity were not affected. However, in a buried-hosts experiment, parasitoid and fly emergence were independent of treatment. ELISA (enzyme-linked immunosorbent assay) showed lower imidacloprid residues in or on parasitoids exposed to the media in which hosts were buried. Our findings suggest that substrate may reduce pesticides on biological control agents that burrow, making them more effective.
Introduction
Filth flies, such as house flies (Musca domestica L.) and stable flies (Stomoxys calcitrans L.) (Diptera: Muscidae), are a source of considerable economic loss in animal-rearing operations (Malik et al. 2007; Taylor et al. 2012) . The flies may spread pathogens (Alam and Zurek 2004; Talley et al. 2009 ) and are a stressinducing nuisance to livestock and humans. Most dairy and equine facilities use insecticides for pest control (Machtinger et al. 2012; Ferguson et al. 2014 ). However, filth flies can rapidly develop resistance (Kristensen and Jespersen 2004; Kaufman et al. 2010) . Integrated Pest Management Programs seek to integrate biological control and chemical control, along with other measures, to keep pest populations in check.
Imidacloprid is one of the most widely used pesticides against house flies (Simon-Delso et al. 2015) , and is frequently successful (Butler et al. 2007; White et al. 2007) , although behavioral resistance can be a problem (Gerry and Zhang 2009; Murillo et al. 2014) . Pesticide use can be a risk to beneficial insects, including natural enemies. Harm may be in the form of death or sublethal effects. Sublethal effects of pesticides can be behavioral or physiological and are effects recorded on individuals that survive an exposure to a pesticide (Pham-Delègue et al. 2002; Desneux et al. 2007 ). In parasitoids from multiple hymenopteran families, imidacloprid is known to affect host finding ability and parasitization rates (Tiphiidae: Rogers and Potter 2003; Eulophidae: Tran et al. 2004; Mymaridae: Liu et al. 2010 ; Aphelinidae: Sohrabi et al. 2014) .
The solitary parasitoid Spalangia endius Walker (Hymenoptera: Pteromalidae) is one of several parasitoid wasp species that can provide some control of filth flies, both through naturally occurring populations (Gibson and Floate 2004; Romero et al. 2010) and through augmentative releases (Skovgård and Nachman 2004; McKay et al. 2007 ). Most parasitoids of filth flies parasitize the pupal stage, which is found in manure or other rotting organic material. Adult females kill buried and unburied hosts by laying offspring and host feeding. Spalangia spp. are known for burrowing, although they also parasitize hosts on the surface (Rueda and Axtell 1985; Geden 2002; Skovgård 2006) .
Against filth flies, imidacloprid is commonly sold as granular fly bait, which is scattered on the ground, placed in bait stations, or dissolved in water and sprayed or painted on surfaces on which adult flies commonly rest (Pospischil et al. 2005; Nurita and Abu Hassan 2010) . Parasitoids of filth flies may inadvertently be exposed to imidacloprid as adults disperse from natal or mass release sites, males seeking out mates (Myint and Walter 1990) and females searching for hosts. To be effective, augmentative releases are typically made every two to four weeks throughout the summer (Floate 2003) . After being released, Spalangia spp. adults are sometimes found near windows and doorways (Smith et al. 1989; Skovgård 2002) . Some imidacloprid labels and extension service recommendations include doorways or windows as preferred locations for pesticide applications because flies tend to congregate at these sites (Hinkle 2015; Townsend 2015a, b) . Application instructions on some granular bait labels do not explicitly discourage applying baits to manure and other filth fly breeding sites (QuickBayt Fly Bait, Bayer Healthcare LLC 2014), which may explain why baits are also sometimes scattered in such sites (Stafford 2008) even though natural enemies such as S. endius spend much of their life there.
The present study tested for sublethal effects of imidacloprid on the ability of surviving adult S. endius females to subsequently kill hosts and produce parasitoid offspring. These abilities were measured in an experiment with unburied hosts, and in an experiment with hosts buried in used host media. Then how the media affects imidacloprid residues on females was examined. Published data on the compatibility of imidacloprid and other neonicotinoids with parasitoids of filth flies are limited King 2015, 2016; Whitehorn et al. 2015) .
Materials and methods

Laboratory colonies
The S. endius and the M. domestica were from laboratory colonies that had not been exposed to pesticides since colony establishment. The M. domestica were reared on a mixture of fly larva medium (Lab Diet, St. Louis, MO, USA; http://www.labdiet.com, accessed 26 April 2015), pine shavings, fish meal, and water (King et al. 2014 ). Once the larvae finished feeding, they crawled out of their media box into a larger clean box underneath and pupated, allowing easy collection of fly pupae. The parasitoids were reared in a 25°C incubator with a 12:12 L:D photoperiod Females came from petri dishes of parasitized hosts from which males had already begun emerging. The females used in experiments were of relatively uniform size and were randomly assigned to treatments.
Imidacloprid exposure treatments
The ability of exposed females to parasitize hosts was examined in two experiments, one in which hosts were not buried and one in which hosts were buried in used fly rearing media. A third experiment addressed how much imidacloprid was present in or on treated parasitoids after being in a media treatment or a no media treatment.
In the first two experiments, prior to use, female S. endius were prepared in one of four treatments: two imidacloprid exposure treatments and two control treatments. For the imidacloprid exposure, a 20 ml scintillation vial was coated with an LC 10 of 0.04 ng cm -2 (low concentration) or LC 50 of 17.92 ng cm -2 (high concentration). LC 10 and LC 50 values were interpolated previously from probit analysis for this same strain of S. endius with the same method of exposure (Burgess and King 2015) . These concentrations produced approximately the same mortality in the present experiments. The low and high concentrations were generated by dissolving the appropriate amount of imidacloprid (99.5% purity, Chem Service West Chester, PA, USA) in pesticide grade acetone (Chem Service, West Chester, PA, USA). The two control treatments were an acetonetreated vial and a clean vial. Twenty female S. endius (0-2 days old) were placed in each vial. The cotton plug of each vial had a drop of 1:1 water:honey mixture on it as a food and water source.
The vials containing the parasitoids were held in an environmental chamber at 28 ± 0.2°C for 48 h. Then five parasitoids that were still alive as defined by the criteria in Burgess and King (2015) were randomly selected from each vial and used for testing in experiments. On a given test day for a given imidacloprid treatment or control, all five parasitoids that were tested came from the same exposure vial. Number of fly and parasitoid emergences were thus pooled by day prior to analyses. In the third experiment, the media versus no media experiment, prior to use, female S. endius (0-2 days old) were exposed to either the high concentration vial or a clean vial. Again, all five parasitoids that were tested from the same exposure vial were pooled for analysis.
Unburied hosts experiment
Each treated or control female was placed alone with 25 fly pupae (0-2 days old) for 24 h in a 20 ml glass vial (70 mm high by 20 mm diameter) plugged with cotton. A small drop of 1:1 water:honey mixture had been placed on the side of the vial. After the 24 h, the female was removed from the vial and placed in a test tube (12 mm in diameter, 75 mm in height), and her longevity was assessed. A 1:1 water:honey mixture was administered ''ad libitum'' to the cotton plug of the test tube. Each female was checked every 24 h for mortality until she died. Meanwhile, the parasitized fly pupae were left for five weeks. Flies that emerged from the pupae were counted, and emerged parasitoids were counted and sexed. This experiment was replicated five times per treatment per day on four different days, with a total of 20 females for each treatment (80 females total).
Buried hosts experiment
Each female was placed alone in a 150 ml jar filled about two-thirds full (6 cm deep) with spent flyrearing media, and the jar was covered securely with cloth. Twenty-five fly pupae (0-2 days old) had been placed 2 cm under the media's surface. After 48 h with the female S. endius, the fly pupae were transferred to an empty 20 ml glass vial (70 mm high by 20 mm diameter), and parasitoids and flies were allowed to complete emergence for five weeks. The number of emerged parasitoids and the number of emerged flies were counted. This experiment was replicated five times per treatment per day on three different days, with a total of 15 females tested for each treatment (60 females total).
The number of hosts and exposure duration in this and the previous experiment were chosen so that a healthy female would be unlikely to parasitize all of her hosts (King 2002) . Females were given twice as much time to parasitize hosts in this experiment as in the previous one in order to end up with females parasitizing roughly the same number of hosts (King 2002 ), which appears to have been the case based on number of flies and offspring produced in the controls of each experiment (Figs. 1, 2 ).
Media versus no media experiment
A female that had been exposed to a high concentration of imidacloprid was given hosts to parasitize either in the presence or in the absence of media. The media treatment was a polystyrene petri dish (85 mm diameter) with a barrier of used fly rearing media (approx. 5 cm wide, 8 mm high) across the center. This was done in lieu of the experimental setup in the buried hosts experiment to facilitate recovery of the parasitoid with minimal disturbance. Ten M. domestica pupae (0-2 days old) were placed on one side of the barrier. A female S. endius was placed on the other side of the media strip. Females walked on and through the media. That their movements are extensive was known from prior observation of S. endius that had been placed in this setup after having been dusted with paint that fluoresces under UV black light.
Sublethal effects of imidacloprid exposure on Spalangia endius 55
The no media treatment was the same as the media treatment except for the absence of the media barrier. Both treatments were done five at a time. Females were left 24 h in the dishes, and then collected for imidacloprid residue analysis, with all five of a given treatment placed in a 1.5 ml microcentrifuge tube that contained 120 ll of autoclaved reverse osmosis filtered water. Hosts were discarded. Solvent volume and pooling of five wasps were determined from initial trials to find a concentration that was detectable by the ELISA kit (enzyme-linked immunosorbent assay). This set up and collection of five females for each treatment was replicated 20 times, for a total of 100 females. The validity of the test was assessed with positive and negative controls, also in tubes of reverse osmosis filtered water. Each positive control consisted of five females taken directly from a high imidacloprid concentration exposure vial, and each negative control consisted of five females from a clean vial. The positive and negative controls were each replicated six times, for a total of 30 females in each.
The parasitoids in the centrifuge tubes were homogenized by sonication and then centrifuged at 109g for 5 min. The supernatant was analyzed for imidacloprid, using a competitive ELISA Kit (Envirologix, Portland, ME, USA) and following manufacturer recommendations. Briefly, samples, positive controls, negative controls, and analytical standards were added to wells in a pre-coated plate provided with the kit. Imidacloprid-enzyme conjugate was immediately added to each well. The analytical standards ranged from 0.2 to 6.0 ppb and were provided with the kit. The plate was sealed with tape to prevent evaporation and then incubated at room temperature for 1 h on an orbital shaker (200 rpm). Wells were washed with tap water four times, followed by addition of substrate to each well. After about 15 min incubation at room temperature on an orbital shaker, stop solution was added to Fig. 1 Mean ± SE number of flies and parasitoid wasps emerged from the unburied hosts experiment in which a female parasitoid wasp had previously been exposed to a low concentration of imidacloprid, a high concentration, a clean vial control or an acetone control. The same lower case letter indicates no significant difference in number of parasitoids at a = 0.05, and the same upper case letter indicates no significant difference in number of flies at a = 0.05 Fig. 2 Mean ± SE number of flies and parasitoid wasps that emerged from the buried hosts experiment in which a female parasitoid wasp had previously been exposed to a low concentration of imidacloprid, a high concentration, an acetone control or a clean vial control. The same lower case letter indicates no significant difference in number of parasitoids at a = 0.05, and the same upper case letter indicates no significant difference in number of flies at a = 0.05 each well. Absorbance (OD, optical density) was read immediately on an Epoch plate reader (BioTek, Venooski, VT, USA). OD is inversely proportional to the concentration of imidacloprid present in a sample. The kit can detect quantities of imidacloprid less than 0.2 ppb, but conversion to ppb is not recommended below 0.2 ppb because converting from OD to ppb introduces extrapolation error beyond the range of the standards. The majority of OD values obtained in testing fell outside of the 0.2 ppb standard, so analysis was on OD values.
Statistical analyses
Analyses were performed with R version 3.1.2 (R Core Team 2015). In the buried and unburied experiments, effect of treatment on the number of emerged parasitoids and flies and parasitoid sex ratio were each analyzed using generalized linear models. Analyses of number of flies and parasitoids were best fitted with a quasi-Poisson distribution to account for over dispersion in the models, with a log link function. Analysis of sex ratio was with a binomial error and logit link function. Post-hoc comparisons were with Tukey's honestly significant difference test. Longevity was analyzed by Kaplan-Meier survival analysis. For the media versus no media experiment, OD was analyzed (Zwicker et al. 2004; Warkentin et al. 2008 ), using a two-sample Student's t test.
Results
Unburied hosts experiment
There was a significant treatment effect on fly emergence ( Fig. 1; F 3 ,12 = 17.22, p \ 0.001). There was no significant difference in fly emergence between the low concentration and the controls. However, significantly more flies emerged from the high concentration treatment.
There was a significant treatment effect on parasitoid emergence ( Fig. 1; F 3 ,12 = 7.40, p = 0.005). There was no significant difference in the number of parasitoids that emerged for the low concentration compared to the controls. Significantly fewer parasitoids emerged from the high concentration.
There was no significant difference in sex ratio among treatments (v 2 3 = 5.31, p = 0.15). Across treatments, 296 males and 933 females emerged, i.e., 76% female. The high concentration treatment produced no parasitoids in six of 20 replicates. There was also no significant difference among treatments in the number of days that tested parasitoids (i.e., parasitoids that survived the initial exposure) subsequently lived (v 2 3 = 2.7, p = 0.43).
Buried hosts experiment
There was no significant treatment effect on the number of flies that emerged in this experiment ( Fig. 2; F 3,8 = 0.84, p = 0.51). There was also no significant treatment effect on the number of parasitoids that emerged ( Fig. 2; F 3 ,8 = 1.52, p = 0.28).
Media versus no media experiment
There was a significant effect of treatment on OD (t 38 = 3.76, p \ 0.001), indicating more imidacloprid in the no media treatment than in the media treatment.
Discussion
Exposure to a high concentration of imidacloprid caused some sublethal effects in S. endius under some conditions. Specifically, an effect on abilities to kill flies and to reproduce was seen in an experiment in which hosts were not buried, but not in an experiment in which hosts were buried. This may be because imidacloprid levels in and on female S. endius are decreased by their navigating through media in search of hosts. Liquid or solids in the used fly media may have removed imidacloprid in or on the parasitoids to levels that did not reduce fly killing and parasitoid reproduction. Imidacloprid is highly soluble in water (Kurwadkar et al. 2013 ) and adsorbs to organic matter (Cox et al. 1998) . In contrast, when imidacloprid remains on a female, it may be absorbed through nonsclerotized parts of the insect's cuticle, as seen in fleas (Mehlhorn et al. 1999) , or females may also consume it as they groom because grooming frequently involves pulling the antennae and legs through the mouth.
Sublethal effects of imidacloprid exposure on Spalangia endius 57
If a female S. endius managed to survive 48 h of exposure to the high concentration of imidacloprid, her subsequent longevity was unaffected (unburied hosts experiment) even though her parasitizing ability was reduced. Honey bees and bumble bees have been observed clearing ingested imidacloprid as quickly as 24 and 48 h, respectively (Cresswell et al. 2013) , which is another way that S. endius may reduce harm to itself from pesticides besides by its host searching behavior.
In their natural environment, the harm to S. endius is probably less than what the unburied host experiment suggests: Spalangia spp. frequently parasitize buried hosts (Rueda and Axtell 1985; Geden 2002) , and in the buried host experiment, females that had survived their initial 48 h of exposure to imidacloprid were able to parasitize hosts as well as unexposed females. In the presence of imidacloprid, and perhaps other pesticides, species of parasitoid wasps that do not burrow as extensively, such as Muscidifurax spp. (Geden 2002; Pitzer et al. 2011) , may not do as well as Spalangia spp. When releasing parasitoids to control filth flies, Spalangia spp. may also be easier to keep away from pesticide treatment than Muscidifurax spp. because Spalangia spp. seem not to disperse as far (Birkemoe and Oyrehagen 2010) .
Most studies of how pesticides affect parasitoids of filth flies have not included substrate, other than the containers in which the experiments were performed. Results of the buried hosts experiment and the media versus no media experiment suggest that manure may lessen negative effects of pesticide on S. endius. In a field study by Mandeville et al. (1990) , poultry manure was treated with cyromazine, dimethoate, or permethrin, and there was no detectible difference in rate of parasitization of house flies by Muscidifurax spp. and Spalangia spp. compared to untreated controls. Manure in Mandeville et al. (1990) and straw in a study by Geden et al. (1992) may have reduced harm to parasitoids of filth flies by blocking the pesticide from reaching the parasitoids, whereas here we suggest that substrate may also aid in removing pesticide residues.
The only other parasitoids of filth flies in which effects of imidacloprid have been examined are the confamilials Urolepis rufipes Ashmead and Nasonia vitripennis Walker. Both are in subfamily Pteromalinae, whereas Spalangia is in Spalanginae. The LC50 of imidacloprid is similar for U. rufipes and S. endius (Burgess and King 2016) . Spalangia endius but not U. rufipes, is attracted to imidacloprid, although both species are repelled to a bait formulation that contains imidacloprid. In N. vitripennis, Whitehorn et al. (2015) were interested in exposure to imidacloprid through adults feeding on nectar from plants grown from pesticide-treated seeds. A realistic concentration of imidacloprid-contaminated sucrose solution decreased offspring production and increased the proportion of sons when multiple females were simultaneously parasitizing hosts.
The imidacloprid concentrations tested in the present study are within the range of what parasitoids will likely encounter in the field, which is for example 0-915.4 ng cm -2 . The 915.4 ng cm -2 is the concentration of imidacloprid in the recommended application rate for Quickbayt Fly Bait (Bayer, Shawnee Mission, KS, USA), which is greater than the LC 100 for both S. endius and U. rufipes (Burgess and King 2016) . Recommended reapplication is weekly as needed. The half-life of imidacloprid ranges from 40-124 days in crop soil that has previously been fertilized with cow manure and in which imidacloprid has been applied as a seed dressing at 900 ng cm -2 (Rouchaud et al. 1996) . However, how field-relevant imidacloprid concentrations degrade and disseminate in substrates that more closely match those that parasitoids are likely to be in has not been studied.
Results of the present study show that the impact of imidacloprid on the effectiveness of S. endius through sublethal effects will depend on what concentrations S. endius are exposed to and the substrates they encounter. Whether S. endius is also likely to encounter imidacloprid while searching for nectar or dispersing through crop areas is unclear because field observations of Spalangia species in such locations are lacking.
